Eukaryotic tRNAs are transcribed as precursors. A 5′-end leader and 3′-end trailer are endonucleolytically removed by RNase P and 3′-tRNase before 3′-end CCA addition, aminoacylation, nuclear export and translation. 3′-End -CC can be a 3′-tRNase anti-determinant with the ability to prevent mature tRNA from recycling through 3′-tRNase. Twenty-two tRNAs punctuate the two rRNAs and 13 mRNAs in long, bidirectional mitochondrial transcripts. Accurate mitochondrial gene expression thus depends on endonucleolytic excision of tRNAs. Various mitochondrial diseases and syndromes could arise from defective tRNA end processing. The U7445C substitution in the human mitochondrial L-strand transcript (U74C directly following the discriminator base of tRNA Ser(UCN) ) causes non-syndromic deafness. The sequence of the precursor (G↓UCU) becomes G↓CCU, resembling a 3′-tRNase anti-determinant. We demonstrate that a tRNA Ser(UCN) precursor with the U7445C substitution cannot be processed in vitro by 3′-tRNase from human mitochondria. A 3′-end processing defect in this tRNA precursor could thus be responsible for mitochondrial disease.
INTRODUCTION

tRNA end processing and a 3′-tRNase anti-determinant
Removal of a 5′-end leader and 3′-end trailer from tRNA precursors are early, required steps in tRNA maturation. RNase P is typically a ribonucleoprotein enzyme which exists as a ribozyme in bacteria (1) ; its RNA component is also essential in yeast (2) . 3′-tRNase, a eukaryotic 3′-end processing endonuclease (3) (4) (5) (6) (7) , can precisely remove the 3′-end trailer from tRNA precursors (Fig. 1A and B) . In eukaryotes, CCA addition to the 3′-end by tRNA nucleotidyltransferase (tNtase; Fig. 1B and C) is required before aminoacylation ( Fig. 1C and D) because this sequence is not genomically encoded. The 3′-end -CC of -CCA in mature tRNA has been shown to be an anti-determinant for 3′-tRNase from mouse, pig and fruit fly (7, 8) . This anti-determinant could prevent mature tRNA from recycling through 3′-tRNase (dashed arrow from C to A, B with an X through it in Fig. 1 ), thus ensuring smooth progress of tRNA precursors through end maturation to aminoacylation. A tRNA precursor with -CCA-following the discriminator base accumulates when microinjected into Xenopus oocytes (E. Lund and J. Dahlberg, personal communication), consistent with this interpretation.
Mitochondrial gene expression and tRNA end processing
Maternally transmitted diseases and syndromes correlate with numerous mutations in human mitochondrial tRNA genes (for a review see 9; mitomap web site at www.infinity.gen.emory.edu/mitomap). Twenty-two tRNAs punctuate the 13 mRNAs and two rRNAs (10) . There is only one mitochondrial tRNA for each of 18 amino acids and two each for Leu (UUR and CUN) and Ser (AGY and UCN). No cytoplasmic tRNAs are imported into human mitochondria. A tRNA processing defect could thus reduce mitochondrial gene expression and cause disease.
Ten mitochondrial tRNAs require precise cleavage at their 5′-ends because the neighboring nucleotide upstream forms the 3′-end of another mature RNA species (11) . Three of the mRNAs upstream of a tRNA (ND1, ND3 and ND6) require addition of one or two A residues to complete the termination codon. Similarly, tRNA Tyr must have an A (the discriminator base) added to its 3′-end after endonucleolytic cleavage of tRNA Cys at +1 (12) . Ten tRNAs (not always the same ones) require precise cleavage at their 3′-ends because the next nucleotide downstream is at the mature 5′-end of another RNA (13) .
Defective tRNA processing models for mitochondrial diseases have been investigated. King et al. (14) found RNA 19, a large precursor, associated with the G3243A (MELAS) mutation (G14A in tRNA Leu(UUR) ). Bindoff et al. (15) also observed RNA 19 in mitochondria with a A3302G mutation (A71G in the same tRNA). Reid et al. (16) and Guan et al. (17) noted a reduced steady-state level of tRNA Ser(UCN) (25-30% of normal) in cell lines homoplasmic for the T7445C substitution, which causes non-syndromic deafness. The T7445C substitution (U7445C in L-strand RNA and U74C in the tRNA Ser(UCN) precursor; see Fig. 2 and below) was suggested to cause a 3′-end tRNA processing defect (16, 17) . A7445G in the *To whom correspondence should be addressed. Tel: +1 718 262 2704; Fax: +1 718 262 2652; Email: louie@york.cuny.edu H-strand transcript is predicted to be a silent mutation in the termination codon of the COX1 gene. Interestingly, several kilobases of L-strand RNA separate tRNA Ser(UCN) from the neighboring ND6 mRNA upstream and from the cluster of four tRNAs starting with tRNA Tyr downstream. These long spacers could explain why discrete precursors of U7445C tRNA Ser(UCN) were not observed by northern blotting (17) .
In vitro studies of mammalian mitochondrial tRNA end processing
Rat mitochondrial tRNA end processing was investigated by Manam and Van Tuyle (18) and human mitochondrial tRNA end processing by Rossmanith et al. (19) . tRNA modification is not generally required for end processing, but human mitochondrial tRNA Lys requires modification to prevent incorrect folding (20) . Efforts to characterize human mitochondrial RNase P have been controversial (21; compare with 18, 19, 22) ; a recent report (23) suggests that human mitochondrial and nuclear RNase P have the same RNA component. Some of the disease-causing substitutions in tRNAs reduce the ability of the precursors to be processed by RNase P (24) . While mitochondrial tRNA 3′-end processing has been less thoroughly investigated, the production of mature tRNA using extracts from a precursor that has both a 5′-end leader and a 3′-end trailer has been observed and, in some cases, the RNA 3′-end trailer was detected (see for example 18, 19) . Although the order of tRNA end processing reactions in human mitochondria is uncertain, several reports favor initial cleavage of cytoplasmic (4, 5, 25) and mitochondrial (18, 19) tRNA precursors by RNase P.
A substitution in the tRNA Ser(UCN) precursor proximal to the in vitro 3′-tRNase cleavage site, which causes nonsyndromic deafness, resembles a 3′-tRNase antideterminant The U7445C mutation in tRNA Ser(UCN) , located 1 nt downstream from the discriminator base (Fig. 2) , would be removed by 3′-end processing (16, 17) and thus could not affect the structure or function of mature tRNA. This substitution changes the precursor sequence G↓UCU (↓ indicates the in vitro 3′-tRNase processing site) to G↓CCU (Fig. 2) , which resembles a 3′-tRNase anti-determinant (8) .
We investigated 3′-end processing of wild-type and U7445C tRNA Ser(UCN) precursors in vitro, which required precursor design and fractionation of human mitochondrial 3′-tRNase. The wild-type precursor with a mature 5′-end and an 18 nt 3′-end trailer could be efficiently processed by 3′-tRNase, but variant processing was undetectable. Human mitochondrial tRNA Ser(UCN) secondary structure and sequence of the double precursor (DP). Horizontal and diagonal arrows signify RNase P and 3′-tRNase cleavage sites, respectively. Thirty-eight nucleotides of 5′-end leader and 20 nt of 3′-end trailer are shown, including the U7445C substitution which changes the sequence G↓UCU to G↓CCU. /s indicate the positions of nucleotides in canonical tRNA (27, 28) which are missing from tRNA Ser(UCN) and the box encloses an extra base pair (31A, 38A) in the anticodon stem.
MATERIALS AND METHODS
Preparation of tRNA Ser(UCN) precursors
A double precursor ( Fig. 2 ) with a 38 nt 5′-end leader and a 20 nt 3′-end trailer was efficiently transcribed using a template amplified from total human (including mitochondrial) DNA. The T7 promoter and three G residues were introduced at the 5′-end of the 5′-end leader and an MspI run-off site was introduced at the 3′-end of the 3′-end trailer. EcoRI and BamHI sites were used for subcloning. Accuracy was confirmed by DNA sequencing.
Templates for T7 initiation at +1 of mature tRNA Ser(UCN) and/ or run-off at +73 gave no RNAs of the expected sizes, perhaps due to the unusual homopolymeric runs (A 5 at +2-6, G 6 at 48-53 and U 6 at 67-72; see Fig. 2 ). Attempts at T7 transcription with four different labeled NTPs, use of a pGpA primer and unlabeled transcription with a higher concentration of NTPs were all unsuccessful.
To obtain the needed additional RNAs for this project, we constructed tRNA precursors from synthesized ½-tRNAs by ligation (26) . Oligonucleotides +1-38 (5′ ½-tRNA, oligo 1) and +38A-89 (with an extra paired nucleotide in the anticodon stem; 27,28) (3′ ½-tRNA, oligo 2) were synthesized by Dharmacon on the 0.2 µmol scale and gel purified by us. A phosphate was attached to the 5′-end of oligo 2 by polynucleotide kinase; oligo 1 and kinased oligo 2 were mixed, annealed and ligated with T4 RNA ligase.
We also used cis-acting ribozymes (29; S. Searles, personal communication) to efficiently obtain well-defined 5′-and 3′-ends of the tRNA precursor. The hammerhead ribozyme was linked to the 5′-end of a tRNA Ser(UCN) gene by construction using overlapping oligonucleotides and the hepatitis delta virus ribozyme template (the PstI-HindIII segment from pSS419, a kind gift of S. Searles, MRC, Cambridge, UK) was added to the 3′-end to obtain a cleavage site at +94. After T7 transcription, ribozymes were activated by increasing the concentration of MgCl 2 to 25 mM and heating to 90°C for 5 min, followed by incubation at 55°C for 30 min. The resulting tRNAs were gel purified twice.
RNA labeling and processing reactions
The human mitochondrial tRNA Ser(UCN) double precursor (Fig. 2 , DP in Fig. 3A and C) was internally labeled by incorporation of [α-32 P]UTP during T7 transcription as previously described (6) . 5′-End-labeling of precursors using T4 polynucleotide kinase and [γ-32 P]ATP was also performed as described. 3′-End-labeling of tRNA produced by ½-tRNA ligation was performed using T4 RNA ligase and [ 32 P]C p (30) .
Preparation and fractionation of human culture cell mitoplast extract
A seed culture of HeLa cells (a kind gift of J. Manley, Columbia) was grown in minimal essential medium supplemented with 5% calf serum in spinner flasks and up to 8 l of cells were harvested weekly at a density of 5 × 10 5 /ml. Mitochondria were isolated from fresh cells using sucrose density step gradients (31) . The outer membrane was stripped from the mitochondria by treatment with digitonin, producing mitoplasts. The extract was prepared by treatment of mitoplasts with 0.5% Triton X-100 and 0.15 M KCl followed by centrifugation (19) .
We used the activity of lactate dehydrogenase (LDH), a marker enzyme for cytosol, to estimate the cytosolic contamination of mitochondria (not shown). LDH activity in the mitoplast extract (8 ml) was 2.4% of the concentration in cytosol (400 ml). We used PCR of a 305 bp mitochondrial DNA segment (5587-5891) spanning the L-strand tRNA gene cluster from tRNA Tyr to tRNA Ala to estimate the enrichment of mitochondrial DNA in mitoplast extract relative to cytosol. Amplified band intensities from mitoplast extract and cytosol matched with an ∼150 times lower volume of mitoplast template.
Mitochondrial DNA could contaminate the cytosol because the centrifugation used to prepare the cytosolic post-mitochondrial supernatant is insufficient to remove all mitochondria and/or because some mitochondria may be damaged during cell lysis. Moreover, mitochondrial DNA may not be quantitatively extracted from mitoplasts in the above preparation. Nonetheless, the low level of LDH (cytoplasmic) contamination of the mitoplast extract suggests that the observed 3′-tRNase activity comes from mitochondria.
Mitoplast extract was adjusted to 30 mM K-HEPES, pH 8, 1 mM MgCl 2 , 1 mM DTT, 0.1% Tween 20, 0.1 mM PMSF and 10% glycerol (CB) containing 50 mM KCl (50 mM KCl-CB) by passing it over a Sephadex G25 column equilibrated with the same buffer. Adjusted extract was loaded on a DEAE-Sepharose column equilibrated with 50 mM KCl-CB and step eluted with 0.1, 0.2, 0.5 and 1 M KCl-CB. The peak of 3′-tRNase activity elutes in 0.1 M KCl-CB, as previously reported for fruit fly nuclear 3′-tRNase (6).
Processing reactions
Labeled tRNA precursors were incubated with mitoplast extract or with the DEAE-Sepharose 0.1 M KCl fraction at 37°C in 50 mM KCl-CB containing 40 U RNasin/ml. Reactions with 3′-tRNase at a volume ratio of 1:20 were terminated after 0, 10, 20 and 30 min and recovered for electrophoresis on 6% denaturing polyacrylamide gels. Dried gels were exposed to a storage phosphor screen and scanned with a PhosphorImager. In a Michaelis-Menten experiment, 5′-end-labeled wild-type tRNA Ser(UCN) precursor was mixed with unlabeled tRNA covering a concentration range from 1 to 50 × 10 -8 M substrate. K m was determined by Eadie-Hofstee analysis as previously described (30) .
Structure probing
End-labeled wild-type and U7445C precursor tRNAs were mixed with 1.25 µg unlabeled yeast tRNA, denatured at 90°C in water and refolded by adding buffer to make 10 µl at a final concentration of 15 mM Tris-HCl, pH 8, 175 mM KCl, 3 mM MgCl 2 and cooling to room temperature. Labeled tRNAs were added to an equal volume of RNase T1 (to a final concentration of 0.5, 1 or 2 U/ml) or RNase A (to a final concentration of 2, 4 or 8 × 10 -3 U/ml) in the same buffer. After incubation for 5 min at room temperature, RNAs were deproteinized, recovered and electrophoresed on a 6% denaturing gel. Images were obtained by exposure to a storage phosphor screen.
RESULTS
Substrate with a mature 5′-end and fractionated extract are both required for in vitro cleavage by 3′-tRNase
We prepared wild-type and U7445C tRNA Ser(UCN) precursors for in vitro reactions using a human cell culture mitoplast extract (Fig. 3) . Various bands were observed when the internally labeled 127 nt double precursor (Fig. 2) with a 38 nt 5′-end leader and a 20 nt 3′-end trailer (see Materials and Methods) was incubated with extract ( Fig. 3A) , but not in the position predicted for a 107 nt 3′-tRNase intermediate ( [-] at left of Fig.  3A) . The same pattern was observed using DP with the U7445C substitution (data not shown).
Incubation with extract of a substrate which has a 32 P-labeled mature 5′-end and an 18 nt 3′-end trailer (constructed using ½-tRNA oligonucleotides; see Materials and Methods) produced a less complex pattern than that obtained with the double precursor (Fig. 3B, compare with Fig. 3A) , consisting of the 69 nt 3′-tRNase product (← at right of Fig. 3 ) superimposed on a background of bands produced by 3′-exonuclease activity. The 0.1 M KCl DEAE-Sepharose fraction (see Materials and Methods) displays less contaminating nuclease activity ( Fig. 3C and D) , but products obtained with the double precursor are still uninterpretable (Fig. 3C) , suggesting that the presence of a 38 nt 5′-end leader interferes with recognition of the 3′-tRNase cleavage site. Only the combination of fractionated extract with simplified substrate gives a prominent cleavage at the expected position (Fig. 3D , bands designated by ← at right).
Faint bands surround the in vitro 3′-tRNase product. The main 3′-tRNase product, N (←), has 72% of the intensity in the region: (N-1), 12%; (N-2), 2%; (N+1), 6%; (N+2), 8%. These products could arise from cleavage site heterogeneity or residual 3′-exonuclease. Heterogeneity of the 3′-tRNase cleavage site is more likely a characteristic of the tRNA substrate than of the human mitochondrial 3′-tRNase. The pattern obtained using a fruit fly cytoplasmic tRNA His precursor with human mitochondrial and fruit fly nuclear 3′-tRNase is identical (32; data not shown); human 3′-tRNase also produces the predicted bands from mitochondrial tRNA Ile and tRNA Leu(UUR) precursors in vitro (data not shown). The K m for human mitochondrial 3′-tRNase is 75 nM (data not shown), comparable to that of fruit fly and pig nuclear 3′-tRNase under similar reaction conditions (8, 30) .
The U7445C substitution abolishes the ability of the tRNA Ser(UCN) precursor to be processed by 3′-tRNase A 5′-end-labeled tRNA precursor with G↓CCU substituted for G↓UCU was incubated with the mitoplast DEAE-Sepharose 0.1 M KCl 3′-tRNase fraction (Fig. 4B) alongside the wildtype precursor (Fig. 4A) . No processing products were obtained from the U7445C precursor ( Fig. 4B ; note the absence of a band at 69 nt, identified by → at left), while the wild-type precursor could be efficiently processed in vitro (Fig. 4A, compare Fig. 3D ).
Eukaryotic 3′-tRNase has been demonstrated to be an endonuclease in numerous cases (3) (4) (5) (6) (7) 33) , but prokaryotic tRNA precursors are sometimes cleaved by endonucleases followed by trimming of their 3′-ends by exonucleases (34) , and 3′-exonucleases could also be involved with eukaryotic tRNA processing (see Discussion). Incubation of 3′-end-labeled wildtype and U7445C variant precursors with 3′-tRNase ( Fig. 5A and B) reveals the predicted 18 nt 3′-end trailer (→ at left of Fig. 5A ) with wild-type (Fig. 5A) but not with U7445C (Fig. 5B) tRNA. Faint bands are also seen below the wild-type 3′-end trailer (-s at left of Fig. 5A) . A band in the unincubated wild-type Figure 3D and reactions were sampled after 0, 10, 20 and 30 min (lanes 1-4, respectively) . An arrow to the left indicates the 3′-tRNase product.
control (dot at left of Fig. 5A ) may arise from background RNase A-like cleavage at U76 (see Fig. 6 ).
RNase susceptibility of tRNA Ser(UCN) is consistent with canonical tRNA structure
Wild-type and U7445C tRNA precursors with a mature 5′-end and a 3′-end trailer prepared using cis-acting ribozymes (see Materials and Methods) were 5′-end-labeled and incubated with RNase T1 or RNase A (Fig. 6) . Susceptible G residues and pyrimidines (mainly U residues) are identified at the right. Results with 3′-end-labeled tRNAs produced by ½-tRNA ligation and with 5′-end-labeled double precursors (which allowed cleavages to be observed as far upstream as +1) were substantially the same (data not shown). G86 displayed the greatest RNase T1 susceptibility and U89, U87, U83 and U76 displayed the greatest RNase A susceptibility, showing the 3′-end trailer to be relatively unstructured. Background cleavage of control tRNAs (incubated without added RNase; lanes 1 and 5 of Fig. 6A and B) are observed at U76 and elsewhere. The 3′-tRNase site (G73) is barely susceptible to T1. The distribution of susceptible and inaccessible sites is consistent with canonical tRNA structure. For example, G13, G14, G18 and G19 in the D loop (data not shown) and nt 57 in the T loop are cleaved relatively weakly, presumably due to tRNA tertiary structure. The most accessible sites are G49, G48 and G41 (lanes 2-4) and U45, C42 and U34 (lanes [6] [7] [8] in the anticodon and V loops. RNase susceptibilities in the U7445C precursor are similar to those in wild-type tRNA Ser(UCN) (Fig. 6B,  compare with Fig. 6A ).
DISCUSSION
Potential importance of 3′-tRNase in tRNA end processing
The existence of H-strand RNAs whose 5′-ends are contiguous with the discriminator base of tRNAs provides a strong argument for the importance of a 3′-end tRNA processing endonuclease in mitochondrial RNA maturation (11) . Our finding that a U7445C tRNA Ser(UCN) precursor cannot be processed by mitochondrial 3′-tRNase in vitro (Figs 4 and 5) is also consistent with the interpretation that endonucleolytic cleavage by this enzyme could be central to mitochondrial RNA processing. U7445C changes the sequence G↓UCU to G↓CCU, which has -CC of -CCA (a demonstrated anti-determinant for mouse, pig and fruit fly 3′-tRNase; 7,8) following the discriminator base. The 3′-tRNase processing defect we observed in vitro could be functionally important in vivo. If so, this 3′-end processing defect could cause non-syndromic deafness by reducing the steady-state concentration of functional tRNA Ser(UCN) below that required to support mitochondrial translation in tissues which require the greatest respiratory activity, including cochlear cells of the inner ear, as previously suggested (16, 17) .
A possible alternative pathway for 3′-end processing of U7445C tRNA Ser(UCN)
If the 5′-end of tRNA Tyr was processed by RNase P or if an endonuclease cleaved elsewhere in the ∼2 kb spacer between tRNA Ser(UCN) and tRNA Tyr , an exonuclease could trim the 3′-end of the tRNA Ser(UCN) U7445C precursor to nucleotides 73, 74 or 75 for repair by tNtase, much as in Escherichia coli (34) . Nuclear and cytoplasmic 3′-exonucleases have important functions (35, 36) , but less is known about mitochondrial 3′-exonucleases. 3′-Exonuclease activity is mixed with 3′-tRNase in the unfractionated mitoplast extract (Fig. 3B) and endonucleolytic cleavages may occur downstream from the 3′-tRNase site in the presence of a 5′-end leader in the wildtype or U7445C precursor (Fig. 3A and data not shown) . If endonucleolytic 3′-end processing of U7445C tRNA Ser(UCN) at G73 by 3′-tRNase is prevented in vivo as it is in vitro (Figs 4 and 5), mature tRNA Ser(UCN) could still be produced by an endo/ exonucleolytic end processing mechanism. Exonucleases would not be expected to salvage most other defective mitochondrial tRNA 3′-end processing, however, because of consequences for functional RNAs downstream.
RNase accessibility and tRNA Ser(UCN) structure
Cleavage with sequence-and structure-sensitive RNases can be used to confirm the sequence of a constructed RNA, to Figure 4A and B except that tRNAs were labeled at the 3′-end and the gel was run so as to retain the 3′-end trailer fragment [horizontal arrow at left of (A)]. Dot designates a degradation product in the prepared substrate (unincubated lane 1). -s indicate bands that arise from cleavages downstream from the 3′-tRNase site.
suggest whether a tRNA is correctly folded and to reveal changes in structure arising from a substitution or other sequence change. Guanines and pyrimidines were assigned in wild-type and variant tRNA Ser(UCN) (Fig. 6) ; susceptible positions are generally consistent with the canonical tRNA structure. Interestingly, the 3′-tRNase cleavage site is a weak T1 site in wild-type tRNA Ser(UCN) . The position-specific RNase susceptibilities of wild-type and U7445C tRNA Ser(UCN) (Fig. 6A and B) do not suggest a major difference in folding or an obvious structural basis for failure of the mutant tRNA precursor as an in vitro substrate for 3′-tRNase (Figs 4 and 5) .
The structure of 3′-tRNase is unknown, but human mitochondrial 3′-tRNase is a good candidate for further characterization because of the anti-determinant phenomenon, due to its theorized importance for maturation of mitochondrial RNAs and because human nuclear 3′-tRNase is also practically uncharacterized.
